Summary. -Potato virus Y (PVY) is an important plant pathogen with a wide host range including economically important crops of potato, tobacco, tomato, and pepper. The coat protein gene has been commonly used in studying molecular biology of plant viruses including PVY. In this study, we used a large dataset of CP sequences from isolates collected across the world to assess the detailed molecular evolution of PVY populations with a focus on the Iranian PVY population. Phylogenetic analysis showed that the world PVY population had two major lineages (O:C and N:NTN); each comprising several divergent sublineages. Results showed that the Iranian PVY isolates were distributed across the tree suggesting polyphyletic origin of the Iranian PVY population. Statistical analysis revealed great genetic differences between pairs of the PVY phylogenetic populations. Host populations and also geographical populations of PVY were genetically differentiated. The extent of the genetic diversification among PVY host and geographical populations were mild or moderate. Purifying selection was detected on the CP gene sequences of the PVY populations, suggesting that most of the mutations in the gene were harmful, thereby were eliminated by natural selection. We also detected a variety of recombination patterns to occur along the CP gene of the PVY strains. A significant number of the Iranian PVY isolates were found to be recombinant. Different analyses suggest that Iranian PVY population is highly diverse. In conclusion, results of this study demonstrated that different factors including mutation, host adaptation, geographical distinction and selection pressure shaped the genetic structure of the PVY populations.
Introduction
Potyviruses are the largest family of plant viruses. They have flexuous filamentous particles containing a single-strand, positive sense RNA molecule of about 9.7 kb (Shukla et al., 1994; Fauquet et al., 2012) . Their genome has a viral-encoded VPg protein at its 5' end followed by a single open reading frame (ORF) and a poly-A tail at the 3' end. The viral genome is translated into a single large polyprotein, and then cleaved into at least ten multifunctional proteins by viral proteinases (Boonham et al., 2002; Gibbs and Ohshima 2010; Martin et al., 2010; Fauquet et al., 2012) . Moreover, during translation, there is a frame shift in the P3 gene resulting in production of a new short polypeptide (PIPO) (Chung et al., 2008) . Host adaptation determines the length of PIPO among potyviruses. (Hillung et al., 2013) . Some members of potyviruses have another ORF, named PISPO, which is a suppressor of gene silencing (Clark et al., 2012) . However, existence of PISPO in PVY genome is still to be determined.
Potato virus Y (PVY) is the type species of the genus Potyvirus. It is responsible for serious diseases in a wide range of plant species, mostly from the family Solanaceae, with worldwide distribution. Like other potyviruses, PVY is transmitted by aphids in a non-persistent manner. Because of the wide host range and prevalence of the virus, PVY is probably the most destructive and widespread plant pathogen across the world (Shukla et al., 1994 (Le Romancer et al., 1994; Glais et al., 2002) . PVY NTN induces potato tuber necrotic ringspot disease (PTNRD). Since the first report from Hungary in 1980s, the PVY NTN recombinant has been frequently identified within the PVY populations worldwide (Le Romancer et al., 1994; Karasev and Gray, 2013) . The PVY NTN has two main recombination patterns. The first one (PVY NTNa ) contains three recombination junctions (RJs), while the second structure (PVY NTNb ) has one RJ in P1 in addition to the three RJs in common with PVY NTNa (Chikh Ali et al., 2010) .
Molecular evolutionary studies of viruses have shown the impacts of mutation, recombination, selection pressure and host adaptation in dynamics of viral populations. These studies have shed light on the important features of viral biology such as changes in virulence, geographical spread and adaptation to new hosts or emergence of a new virus epidemic. Comparisons of the genetic structure of different populations of a virus species can determine factors affecting ecology, phylogeny and phylogeographic structure of the populations across the world (Bermingham and Moritz, 1998) . Such studies provide useful information for designing better strategies aimed at controlling of the viruses (Jones, 2009; Elena et al., 2011) . Although increasing number of studies on the population structure of animal and human RNA viruses is available, the population structure of plant viruses is poorly understood (Garcia-Arenal et al., 2001) .
PVY is reported to be one of the viruses responsible for the severe yield losses in Iran annually (Pourrahim et al., 2007) . N and PVY NTN strains have been recognized in potato fields of Iran. Furthermore, the sequence of P1, coat protein (CP) and 3' UTR of some of the Iranian PVY isolates has been reported (Hosseini et al., 2011) .
To study the population structure of PVY in Iran, we analyzed the biological properties and CP sequence variability of Iranian PVY isolates (including 11 new sequences provided in this study) in comparison with PVY populations from other countries. We focused on coat protein gene (CP) because of its multifunctional properties, sequence variability and availability of large sequence data for most of the PVY isolates reported from around the world (Ogawa et al., 2008; Visser and Bellstedt, 2009; Moury and Simon, 2011) .
To evaluate, in more detail, the molecular evolution of PVY populations, we compared the CP gene sequence of the Iranian PVY isolates with counterparts reported from different parts of Europe, North and South America, Africa and Japan (n = 542).
Materials and Methods
Virus source and serological diagnosis of PVY. A total of 185 potato leaf samples were collected during July 2013 to July 2014 from the potato fields of Khorasan Razavi, Northern Khorasan and Fars provinces of Iran. The potato plants were sampled randomly regardless of their symptoms. Specific polyclonal antibody against PVY (DSMZ, Germany) was used to detect the virus in fresh leaf crude extracts by DAS-ELISA (Clark and Adams, 1977) .
Samples, RT-PCR, cloning and sequencing. Total plant RNA was extracted from fresh leaves using Total RNA isolation kit (Denazist Asia-Iran) following the manufacturer's instructions. The First cDNA strand was synthesized using antisense primer (PVY-CPR) and moloney murine leukemia virus (MMuLV) reverse transcriptase (Fermentas, Lithuania). 5 μl of the purified RNA were mixed with reverse transcription mixture (50 mmol/l Tris-HCl pH 8.3, 50 mmol/l KCl, 4 mmol/l MgCl 2 , 10 mmol/l dithiothritol, 1 mmol/l of each dNTP, 200 U of MMuLV reverse transcriptase) and incubated at 42°C for 1 h. The complete length of the coat protein (CP) gene was amplified using specific primers PVY-CPF (5'-GCTTTCACTGAAATGATGGT-3') and PVY-CPR (5'-GTTTTCCCAGTCACGACTTTTTTTTTT-3') by Taq DNA Polymerase Master Mix Red (Amplicon, Denmark). These primers amplify the complete CP gene of the PVY (~800 bp length; Nie and Singh, 2003) . PCR products were analyzed on 1% agarose gel and purified from the gel using the Qiaquick gel extraction kit (Qiagen, Germany). The purified products were ligated into pTG19 vector (Vivantis, Malaysia) according to the manufacturer's protocol. Plasmids were transformed into Escherichia coli strain DH5a and the recombinant plasmids were purified from the bacterial cells using Plasmid DNA Isolation Kit (Denazist-Iran). Finally, the purified recombinant plasmids were bi-directionally sequenced using pUC-M13 universal primers at Macrogen Inc. (Seoul, South Korea). Consensus sequences were verified using the BLAST program in NCBI database.
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Tests of population differentiation. Statistical tests of population differentiation including Kst*, Z*, Snn and F ST , were calculated using DnaSP version 5.10.01. The Kst* test statistic of genetic differentiation (Hudson, 2000) is expected to be near zero if there is no genetic differentiation (null hypothesis). But the null hypothesis is rejected, when Kst* is supported by a small P-value (0.05) (Tsompana et al., 2005) . The Z statistic is calculated from ranking distances between all pairs of sequences. The average ranks for those from within two populations are summed, and the sum is weighted. The Z* statistic is a logarithmic variant of the Z statistic (Hudson, 2000) . Also, small values of Z lead to rejection of the null hypothesis (no genetic differentiation). The nearest neighbor statistic (Snn) was used to evaluate the frequency of the nearest neighbors of sequences found in the same group (Hudson, 2000) . Snn statistic may range between 1.0, when populations from distinct groups were genetically different, to 0.5 when a population is panamictic (Tsompana et al., 2005) . F ST is the coefficient of gene differentiation or fixation index, which measures the extent of inter-population diversity with values ranging between 0 (indicating no differentiation between the populations) and theoretical maximum of 1 (when the populations are clearly differentiated; Hudson 2000) . However, the observed F ST is much less than 1, even in highly differentiated populations. Statistical significance for all three tests (Z*, Snn and F ST ) was established using 1000 permutations test.
Tests of recombination. Alignments of 542 PVY-CP sequences were analyzed for intraspecies recombination events using Recombination Detection Program (RDP v.4.10 beta) with default parameters (highest acceptable probability value = 0.05; Martin et al., 2010) . The RDP4 software detects the occurrence of robust recombination events using a suite of methods including Rdp, Geneconv, Bootscan, Maxchi, Chimaera, 3Seq, Siscan, Lard and Phylpro. Bootscan, Rdp and Siscan are phylogenetic methods, Geneconv, Maxchi, Chimaera and Lard are substitution-based methods, and Phylpro is a distance comparison method. Recombination sites detected at least by four methods were considered as "significant recombination events" and those detected by fewer methods were considered as "tentative recombination events" (Heath et al., 2006) .
Biological characterization of the PVY isolates. The partial host range of four Iranian PVY isolates were compared by their inoculation to potato (Solanum tuberosum), tomato (Lycopersicum 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53   54  55  56  57  58  59  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106 esculentum), tobacco (Nicotiana tabacum var Turkish, Nicotiana tabacum var Xanthi), pepper (Capsicum annuum) and Chenopodium quinoa seedlings. To this purpose, potato leaf tissues infected by these PVY isolates were separately ground in 5 volumes of 50 mmol/l phosphate buffer at pH 7.5 containing 2% polyvinylpyrrolidone (PVP) and 0.05% 2-mercaptoethanol. The extracts were mechanically inoculated on carborandum-dusted leaves. Two weeks post inoculation plants were examined for symptoms and tested for PVY infection using RT-PCR as described above.
Results
Identification and sequencing of CP genes of PVY isolates
From a total of 185 plants sampled, PVY was detected by DAS-ELISA in 46 samples collected from Khorasan-Razavi, Northern-Khorasan (North-East), and Fars (South-East) provinces of Iran. PVY was detected in potato plants showing symptoms of yellowing, mosaic, leaf crinkling as well as in the asymptomatic plants.
The complete nucleotide sequence of the CP gene from 11 Iranian PVY isolates were determined and deposited in GenBank (Table 2) .
Phylogenetic positions of the PVY populations
The maximum likelihood phylogenetic tree of the CP gene from 150 PVY isolates, including 26 isolates from Iran (11 sequences provided in this study and 15 sequences obtained from GenBank) and 124 isolates from other countries (obtained from GenBank), revealed the segregation of PVY isolates into two main evolutionary divergent clades (Fig. 1) 
Population characteristics and polymorphism
To study the diversity of the PVY population, all PVY CP sequences (determined in this study or obtained from GenBank; n = 542), were categorized into 3 population groups Table 7. based on their phylogenetic relationship (4 phylogenetic populations), host adaptation (3 host populations) and geographical origin (6 geographical populations; Table 3 ).
Among 4 PVY phylogenetic populations, strains of PVY C had the most average number of CP nucleotide differences (k = 55 nucleotides) and the highest overall nucleotide diversity (π = 0.0691). The largest number of segregating sites (S = 350) and mutations within the segregating sites (η = 442) were observed within the CP nucleotide sequences of the PVY O lineage (Table 3 ). The PVY NTN population had the lowest values of k (10.50) and π (0.0131; Table 3 ). On the other hand, the ratio of nonsynonymous nucleotide diversity to synonymous nucleotide diversity (ω ratio) was <1 for all phylogenetic populations. The highest and the lowest ratios were obtained for the PVY NTN and PVY N populations with the values of 0.351 and 0.046, respectively. The dN/dS value of the CP gene from different PVY phylogenetic populations ranged between 0.046 and 0.35 (Table 3) .
PVY host populations included those isolated from potato, tobacco and other hosts (e.g. tomato; Table 3 ). Among 3 PVY host populations, the greatest average number of CP nucleotide differences (k = 61) and the greatest overall nucleotide diversity (π = 0.0771) was observed in the PVY population isolated from other hosts (other than potato and tobacco; Table 3 ). The CP sequence analysis showed that PVY population of potato had the highest number of segregating sites (S = 442) and mutations (η = 611; Table 3 ). The k and π statistics were the lowest for the PVY population of tobacco with values of 45 and 0.0572, respectively (Table 3 ). The dN/ dS value of the CP gene sequence from the three PVY host populations ranged from 0.08 to 0.1 (Table 3) .
Whereas the PVY population of tobacco had the lowest ω ratio (0.0836) in the CP gene, the value was highest for PVY strains isolated from hosts other than potato and tomato (other hosts, ω = 0.1031).
We also defined 7 geographical populations based on the geographical origin of the PVY isolates (Table 3 ). The CP Molecular variability revealed that the South American PVY population had the highest number of nucleotide differences (k = 65) and the highest overall nucleotide diversity (π = 0.0814). The largest number of segregating sites (S = 250) and mutations within the segregating sites (η = 297) was observed within the Iranian PVY population (Table 3) . Moreover, the dN/dS ratio (ω) was <1 for all of the geographical populations except for African population (ω = 1.03). In this regard, the largest (1.031) and lowest (0.095) ω were observed in PVY populations of Africa and South America, respectively (Table 3) .
Genetic differentiation of populations
We evaluated the genetic distinction of PVY populations defined in 3 categories: phylogenetic populations, host populations, and geographical populations. In pursue of this goal the PVY-CP gene sequences were subjected to four independent statistical tests of population differentiation. The null hypothesis (no genetic differentiation) can be rejected if the statistics Kst*, K, Z, and Snn for the majority of comparisons were supported by P-values less than 0.05 (Hudson 2000) . (Tables 4 and 5) . First, our statistical analysis revealed significant genetic differences between all pairs of the PVY phylogenetic populations defined in this study (6 pairs; Table 4 Considering host populations, the null hypothesis of no genetic differentiation was rejected between all pairs (3 pairs) of the PVY host populations (populations of potato, tobacco and other hosts; Table 4 ). Non-potato PVY populations could also be specified by phylogenetic analysis as they were mostly placed in the PVY C clade (Fig. 1) . The F ST values among PVY host populations ranged between 0.051 and 0.100 (Table 4) . This finding concluded a moderate genetic differentiation among PVY host populations. (Table 5) .
Based on these test statistics, geographical isolation may have played a role in PVY population structure especially in North America.
Considering F ST values, the clear distinction of genetic populations of PVY can be achieved by phylogenetic analysis, host relevance and geographical distribution, respectively.
Examination of departure from neutrality
The patterns of nucleotide polymorphism in the CP gene of PVY isolates were estimated using Tajima's D, Fu and Li's D* and F* statistical tests (Table 6 ). The negative values of these test statistics would suggest for purifying selection and/or a recent population expansion (Tajima, 1989; Tsompana et al., 2005) . On the other hand, positive values would suggest for balancing selection and/or a reduction in population size.
Results showed that Tajima's D, Fu and Li's D* and F* statistics were negative for most of the phylogenetic and host populations of PVY. However, these negative values were only significant for PVY O and PVY NTN phylogenetic populations and PVY population isolated from potato (Table 6). Moreover, high level of haplotype diversity (Hd) and low rate of nucleotide diversity (π, except for PVY C ) were observed in the phylogenetic PVY populations. These findings suggested that these PVY populations may have been influenced by a recent population expansion.
Except the Asian PVY population, no significant departure from neutrality was found for PVY geographical populations according to Tajima's D, Fu and Li's D* and F* statistics (Table 6 ). Significantly negative test statistics obtained for the Asian population proposed the occurrence of a recent demographic expansion in this population. Also, high haplotype and high genetic diversities were observed in PVY geographical populations.
Recombination events
Searching for evidence of recombination events in the CP gene sequences showed that most of the PVY isolates were recombinants. In this regard 60% (15 out of 25) of the Iranian PVY isolates were found to be recombinants.
Our statistical analysis identified at least 13 recombination patterns in the CP gene sequences of PVY populations. (Table 7 , Fig. 1 ).
Ten recombination patterns (events 1-10) appeared to be derived from parents from different PVY lineages (i.e. interlineage recombinants). In contrast, three recombination patterns (events 11-13) were found to be derived from parents within the same PVY lineage (i.e. intralineage recombinants) (Table 7) .
Nine out of 13 recombination patterns were detected by at least four methods (events 1, 2, 3, 4, 5, 8, 9, 10, 12) , hence The greatest P-value calculated by the program for the recombination event. The highest reported P-value for the program showed in underlined in RDP4. considered as "significant recombination events". The four other recombination patterns were detected by less than four methods (events 6, 7, 11, 13), hence considered as "tentative recombination events" (Table 7) . Interestingly, our analysis revealed that most of the PVY recombinants were classified within the N:NTN clade with no preference between N-Europe and North American subclades. Contrary to this, many of the non-recombinant PVY strains were found within the PVY O:C clade (Fig. 1) . PVY O and PVY C clades contained only one and two recombination patterns, respectively (Table 7) . The recombination pattern in the PVY C lineage seemed to be derived from parents from PVY O and PVY C clades. On the other hand, the parents of PVY recombinants in PVY O were from the same lineage or from PVY O and PVY C lineages (Fig. 1) . Six out of 13 recombination patterns (including patterns of 1, 2, 5, 7, 8, 11) were found among the Iranian PVY population. The recombination pattern No. 7 was the most prevalent pattern within the Iranian PVY population (Fig. 1 , Table 7 ). 
Biological characterization of the PVY isolates
Discussion
PVY is a typical example of RNA viruses that benefits the high mutation and recombination rates for adaptation and survival in different hosts and various environments (Boonham et al., 2002; Hu et al., 2009a) . Several studies have attempted to determine the genetic structure of PVY populations in Europe, North America and Japan (Glais et al., 2002; Lorenzen et al., 2006; Schubert et al., 2007) . In this work, we used the CP gene sequences to compare the genetic structure of PVY populations in Iran with the world populations. We used CP gene, for which a large number of international sequence data exists in GenBank.
Phylogenetic analysis using CP gene sequence revealed the polyphyletic relationships of PVY strains reported from 34 countries across the world. Results showed that all the PVY isolates could be arranged within 2 main clades designated as PVY O:C (Glais et al., 2002; Moury et al., 2002; Fanigliulo et al., 2005; Lorenzen et al., 2006) . The phylogenetic grouping of the PVY isolates was not fully consistent with their geographical distribution. For example, Iranian PVY strains were found to be distributed throughout the tree, suggesting multiple introductions of PVY virus isolates to Iran. Several PVY strains within PVY O:C and PVY N:NTN clades formed a starlike phylogeny, most probably as the consequence of recent emergences with minimal selection. Similar star phylogenies have been previously reported in the genetic structure of several virus populations including cucumber mosaic virus, pepino mosaic virus, wheat streak mosaic virus and turnip mosaic virus (Roossinck et al., 1999; Pagan et al., 2006; Dwyer et al., 2007; Tomitaka et al., 2007) . Also some of the PVY sub-clades in the PVY N:NTN clades had low bootstrap value. This is most probably due to the recombination events as also considered by Ohshima et al. (2007) .
Since the identification of first PVY recombinant strain from Hungary (PVY NTN ) in 1980s, several others have been reported in other countries (Le Romancer et al., 1994; Glais et al., 1996; Boonham et al., 2002) . In the past decade, many studies have shown the global prevalence of PVY recombinants (Chrzanowska, 1991; Glais et al., 2002; Lorenzen et al., 2006; Hu et al., 2009b) . In Europe, the non-recombinant strains of the PVY O clade have been largely replaced by the recombinant strain of PVY NTN (Boonham et al., 2002) . However, in North America, the PVY O strain has remained the predominant strain in potato (Piche et al., 2004; Baldauf et al., 2006; Karasev et al., 2008; Gray et al., 2010) . Our analysis revealed that PVY O and PVY NTN were predominant strains in Iran. Comparing results of this study with those published earlier (Pourrahim et al., 2007; Hosseini et al., 2011) suggested that during the past decade the prevalence of PVY NTN was significantly increased within Iranian PVY population.
The genetic diversity of the CP gene was varied among different clades of the PVY phylogenetic tree, thereby some clades contained more daughter subclades than others. The combination of high haplotype diversity and low genetic diversity in phylogenetic PVY populations could be explained by a recent population expansion after a genetic bottleneck (Grant and Bowen, 1998; Tsompana et al., 2005) . However, relatively long terminal branches of the PVY C isolates may suggest that they have accumulated mutations over a long time. All statistical analyses clearly suggested the significant genetic differences between pairs of the main PVY phylogenetic clades. The extent of this genetic variation between phylogenetic populations was considerable as shown by F ST values. Also, our results revealed that PVY genetic diversity may have resulted from host adaptation, which is in agreement with previous reports (Schubert et al., 2007; Ogawa et al., 2008) . However, the extent of the genetic variability between pairs of host PVY populations was low (F ST <0.1). Besides host adaptation, some of the PVY genetic diversity was found to have resulted from geographical distribution. In this regard, the majority of the geographical PVY population pairs could be genetically differentiated. However, the extent of genetic differences between most of the geographical populations was low. Contrasting to Cuevas et al. (2012) , our analysis concluded the distinction of Middle East PVY population from populations of Europe and Far East. According to F ST values, Iranian PVY isolates displayed the highest genetic differentiation from isolates of North America (F ST = 0.127). This finding parallels the phylogenetic analysis, as no Iranian PVY isolates grouped within the North American clade. Our statistical analysis showed that North American PVY population had the highest genetic distance with other geographical populations (F ST >0.07). Altogether, findings of this study confirmed that geographical distribution and host adaptation have played a role in shaping genetic diversity of the PVY populations.
The extent of the selection pressure acting on genes can be evaluated by computing the dN/dS, the ratio of the nonsynonymous to the synonymous polymorphisms (GarciaArenal et al., 2001) . The global dN/dS ratio of the PVY CP gene was less than 1 (~0.08) revealing the exertion of high negative selection pressure on this gene. The negative selection pressure restricts the variability PVY CP gene. Different dN/dS values found on the CP genes of distinct PVY populations may suggest that these populations have experienced different constrains.
Analysis of dN/dS revealed that the CP gene sequence of PVY C population experienced higher negative selection pressure compared to that of PVY NTN and PVY O strains. This is consistent with low CP gene sequence diversity (π = 0.069) of the PVY C population as also considered by others (Schubert et al., 2007; Ogawa et al., 2008) . The low diversity of CP gene in PVY C could also be explained by Muller's ratchet phenomenon, i.e. the stochastic loss of genotypes (GarciaArenal et al., 2001) .
In most cases when phylogenetic, host or geographical PVY populations were considered, Tajima's D and Fu and Li's D and F-test yielded negative values. The negative values obtained in these tests in combination with high haplotype diversity and overall low nucleotide diversity of CP gene suggested that PVY phylogenetic population has undergone a recent population expansion or background selection.
High rates of haplotype and genetic diversity in the PVY host and geographical populations could reduce the risk of extinction and points to the evolutionary potential of these populations for adaptation into the diverse environments.
Recombination has been considered as an important source of genetic variation in potyviruses (Gibbs and Ohshima, 2010) . For example, 76% of isolates of the potyvirus turnip mosaic virus were reported to be recombinant . Our analysis also showed the occurrence of recombination events in the CP gene of PVY isolates as also considered by others (Glais et al., 2002; Moury et al., 2002; Lorenzen et al., 2006) . Besides the six recombination patterns identified in the earlier studies (Moury et al., 2002; Fanigliulo et al., 2005; Lorenzen et al., 2006) , we identified seven new patterns of recombination in the CP gene of the PVY strains. Our findings also conclude that recombination in the CP gene is a common and frequent force driving the PVY evolution.
Biological features of PVY strains have been described in several previous studies (Chrzanowska, 1991; Le Romancer et al., 1994; dAquino et al., 1995; Boonham et al., 2002; Baldauf et al., 2006) . Tomato and tobacco plants can be infected by most PVY isolates (Stobbs et al., 1994) . Commonly, PVY isolates of pepper cannot infect potato plants systemically (McDonald and Kristjansson, 1993; dAquino et al., 1995) . Whereas members of the PVY O and PVY C populations could induce mottling in pepper plants (McDonald and Kristjansson, 1993; Valkonen et al., 1996) , PVY NNP reported from Italy has been the only isolate inducing vein necrosis in pepper (Fanigliulo et al., 2005) . Our experimental data revealed that the two Iranian PVY isolates (PVY-Iran and PVY-221) could also induce vein necrosis symptom in pepper, hence they were biologically similar to the PVY NNP isolate (dAquino et al., 1995) .
In this study we described the structure and dynamics of the PVY populations in the world, with a focus on the PVY isolates from Iran. Evolutionary studies showed that PVY populations could be represented into discrete lineages. Geographical origin, mutation, recombination and host adaptation were the main sources of genetic variability to shape the population structure of PVY. Strong negative selection pressure on the CP gene favors the preservation of wild type strains in the nature. These findings argue that the CP gene is an effective indicator to study the genetic diversity and evolution of PVY populations. Iranian PVY population displayed high haplotype and nucleotide diversities in the CP gene. The high nucleotide diversity within Iranian PVY population is probably due to the introduction of distant strains belonging to PVY O , PVY C and N-Europe phylogenetic populations, as also shown in the phylogenetic tree. Altogether, phylogenetic, biological and sequence diversity analyses of the CP gene suggested that Iranian PVY isolates constitute a diverse population. Our analysis also proposes that the PVY O strains have been largely replaced by the recombinant strains of PVY NTN within the Iranian PVY population during the last decade. The genetic variability of the PVY populations reported in this study may provide foundation to improve control strategies of PVY in different crops . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53 
